Blade vortex interaction (BVI) noise has been recognized as the primary determinant of the helicopter's far eld acoustic signature. Given the limitations of design in eliminating this dynamic phenomenon, there exists a need for control. We believe that this paper is the rst model-based e ort to attempt the same. We present herein the application, rst of feedback control strategies, and then of adaptive cancellation on Leishman and Hariharan's linear aerodynamic model of a trailing edge ap. Lift uctuations caused by vortices are taken as output disturbance. The contribution of the vortices to lift is obtained from Leishman's indicial model for gusts. The use of an active structure for actuation is assumed, and the actuator is approximated as a lag element.
Introduction
Helicopters radiate noise over a large frequency range, the main sources being the aerodynamic states of the main and tail rotors. Of these, the most prominent is an impulsive periodic noise that is produced under certain ight conditions, called blade slap or bang. The main cause of this noise has been identi ed as blade vortex interaction (abbrieviated BVI henceforth), i.e., the interaction of the blade with the vortices shed by the preceding blade(s) 14, 12, 5] . Owing to the limitations of design in prediction and control of noise, the need to meet stricter restrictions on noise in the future, and in the interest of wider applicability, the need for active control has been recognized 8]. Though there exist previous e orts in active control of BVI such as in Swaminathan et al., 13] we believe this is the rst model-based e ort.
In this paper, we use indicial response models for BVI on a helicopter blade element 4, 8] . These models assume linear aerodynamics. The aim of control is to achieve attenuation of vortex noise by control of trailing edge aps on the blades. The idea is to alter the e ective angle of attack of the apped airfoil by altering the ap angle such that the uctuation in lift force on the blade produced by vortex velocity is reduced. This has to be achieved without appreciably altering the thrust produced by the main rotor, the other restriction being that we have to operate within the limits of linearity of the model, i.e., small ap de ections.
In the rst part of this paper, we apply feedback control strategies. In the second part we apply an adaptive feedforward cancellation scheme (AFC) presuming periodicity of the disturbance. To design an adaptive cancellation scheme that is applicable not only to BVI but also to general problems with periodic disturbances, we start with the sensitivity method but arrive at the same scheme derived by Sacks, Bodson, and Khosla 11] who introduced a phase advance into a pseudo-gradient scheme. We discuss stability of the scheme via averaging.
It is assumed that the control will be implemented by broad bandwidth smart actuators integrated into the rotor blades. Indeed, the motivation for this work has been the availability of such actuators in the near future. The actuator has been modeled here as a lag element. We have assumed that this lag is small (a few milliseconds).
The following section explains the indicial models used. Section 3 explains the control objectives and presents feedback designs, and Section 3 discusses simulation results with feedback control. In Section 5, we detail the development of the AFC scheme, and discuss its stability for small values of the adaptation gain. In Section 6 we discuss a possibility for non-conservative calculation of allowable adaptive gains and comment on the robustness of the scheme. Section 7 presents simulation results with AFC.
2 Indicial Response Models Hariharan and Leishman 4] derived the transfer functions from ap displacement ( in Fig. 1 ) as the input, to lift, aerodynamic moment, and hinge moment as outputs. This model generalizes the oscillatory response of an airfoil/ ap to arbitrary forcing by means of Duhamel superposition with an approximation to the indicial response function in subsonic ow. A two term exponential approximation was arrived at by interpolating between exact values of the initial response given by piston theory and the nal steady state values given by linearized subsonic ow. The initial response to ap displacement and pitch rate were calculated through the use of aerodynamic reverse ow theorems. The model was validated by experimental data in the frequency domain.
The model gives the lift, moment, and hinge moment as the sum of circulatory and noncirculatory (inertial or apparent mass) components: 
Structure of the Noise Control System
The objective of control is to attenuate the impulsive noise of blade slap. We attempt only a reduction in the local variation in lift. On the premise that the the acoustic pressure varies qualitatively as the derivative of the lift, we hope to achieve noise reduction by reducing the sharp variation in the lift due to BVI. This The transfer function from control voltage to lift is relative degree zero, stable, and minimum phase.
Thus, the use of proportional feedback, however high the gain, will not destabilize the system.
Simulation results for where u is the control voltage applied to the actuator (See Fig. 2 ), was used in the linear quadratic control schemes. The rationale for the above cost functional is that we want to penalize the lift as much as possible. That the LQG strategy did not succeed seems to stem from a slow pole in the Kalman lter, which cannot follow the disturbance. Here, the high gain observer, with fast poles, tracks the disturbance well and produces su ciently large control inputs. Also, the feedback controls produce an improvement in performance without Also, the reciprocal in uence of the airfoil on the vortex convection velocity is neglected 8]. Thus, the BVI in which the blade cuts through the vortex is not considered. In evaluating the simulation results, it must be noted that they are only for a blade element and not for the entire blade.
Adaptive Feedforward Cancellation (AFC)
After presenting the feedback strategies, we use the periodic nature of the disturbance (the frequency of BVI being equal to the blade passage frequency) to formulate an adaptive feedforward strategy. The method in this section is applicable not only to the BVI problem but to any problem with a periodic disturbance. In the following, we consider the application of AFC in conjunction with feedback control.
Consider the system in Figure 7 where a feedback controller C(s) has been designed for the plant G(s) to achieve attenuation of the disturbance d. If we know (measure) d, the input r that we would use to cancel d is (see Figure 8 )
While it may appear that we need C(s) and G(s) to be minimum phase, this is not the case as we shall explain in the next section. Let us approximate r by the rst p terms of its Our task now is to nd a scheme for estimating by (t) so that the input r(t) = w(t) T (t) forces y(t) to remain bounded and converge to zero. To achieve this, we employ the sensitivity method 6]. As we shall see, this approach results in the same scheme as proposed by Sacks Figure 9 is exponentially stable. Sacks, Bodson, and Khosla 11] arrived at an optimal phase advance of arg (P (jk! 0 )) for the regressor from consideration of the speed of convergence of the adaptive law in an averaging analysis. Messner and Bodson 9] used a result of Bodson, Sacks, and Khosla 1] on the equivalence of the mapping y 7 ! r to an LTI system to represent the closed loop adaptive system by a transfer function and obtained a regressor phase advance to maximize phase margin at low adaptation gain. They calculated an optimal phase advance of arg (P (jk! 0 )) by using a root-locus rule for the angle of departure of a pole from the j!-axis. The adaptive law in Sacks, Bodson, and Khosla 11], Messner and Bodson 9] , and in our paper does not restrict the real part of the plant frequency response at the disturbance frequency to be positive.
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Adaptive Gains and Robustness to Higher Order Harmonics
We proceed to perform a calculation similar to that in Sacks et al This expression allows us to draw two conclusions:
1. The order of the state space system (5.14), (5.15) is the same as the degree of the transfer function H(s).
It can be shown that H(s) is stable if and only if (5.14), (5.15) is. While in the previous section we proved that y(t) ! 0 if d(t) contains exactly the harmonics we are assuming it contains, equations (6.3) and (6.4) allow us to conclude that y(t) will be bounded for any d(t) |i.e., even in the presence of higher harmonics and even when the assumed frequencies are not correct (as long as is small). In addition, the e ect of higher order harmonics on y(t) would be proportional to their size. The constant of proportionality may be estimated using analysis similar to that in Kokotovic, Riedle, and Extensions of the above work can include incorporation of a more realistic actuator model, modeling of the sensors, the use of a model that accounts for the three dimensional e ects at the blade tip, and extension of control from the blade element to the blade. Further, the reciprocal in uence between the blade and vortex (a nonlinear e ect) could be considered. The rotor blade not being rigid in practice, the e ects of blade ap and lead/lag motion need to be investigated, since these cause a considerable motion of the blade tip where most of the noise originates.
The most important work lies in the design of high bandwidth actuators and sensor arrays, that can withstand the rigours of the helicopter blade environment. The design requirements for the actuators can be deduced, in part from the aerodynamic and/or hinge moments they have to sustain to produce the control e ort, and in part from the ap displacements desired at the frequencies under consideration. An idea that might be of use in dealing with periodic disturbances, would be to fabricate the actuator such that it has a fundamental frequency the same as the blade passage frequency. 
